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ABSTRACT
￿
In the transient receptor potential (trp) mutant of Drosophila, the
receptor potential appears almost normal in response to a flash but quickly
decays to baseline during prolonged illumination . Photometric and early recep-
tor potential measurements of the pigment suggest that the pigment is normal
and that the decay of the trp response during illumination does not arise from
a reduction in the available photopigment molecules . However, there is reduc-
tion in pigment concentration with age . Light adaptation cannot account for
the decay of the trp response during illumination : in normal Drosophda a dim
background light shortens the latency and rise time of the response and also
shifts the intensity response function (V-log I curve) to higher levels of light
intensity with relatively little reduction in the maximal amplitude (V..) of
response. In the trp mutant, a dim background light or short, strong adapting
light paradoxically lengthens the latency and rise time of the response and
substantially reduces V,nax without a pronounced shift of the V-log I curve along
the 1 axis . The effects of adapting light on the latency and V-log I curve seen in
trp are associated with a reduction in effective stimulus intensity (reduction in
excitation efficiency) rather than with light adaptation . Removing extracellular
Ca12 reduces light adaptation in normal Drosophila, as evidenced by the appear-
ance of "square" responses to strong illumination . In the trp mutant, removing
extracellular Ca+2 does not prevent the decay of the response during illumina-
tion .
INTRODUCTION
Phototransduction is a complex, multi-stage process that is difficult to analyze .
One of the more hopeful approaches is to study the effect of single gene
mutation on the process . Several Drosophila mutants in which phototransduc-
tion is abnormal have been isolated and described (for review see Pak, 1979) .
At the present time it is not clear in any of the available phototransduction
mutants what mechanism is responsible for the defect in the receptor potential .
Therefore a detailed study on the characteristics of the available mutants
seems highly desirable .
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One of the most interesting phototransduction mutants is the transient
receptor potential (trp) mutant. Ultrastructural study of the mutant eye
indicated that the mutant eye is normal at eclosion but shows shrinkage of the
rhabdomeres and small areas of vesiculation in the rhabdomeres by 5 d of
age, and yet at 4 wk deterioration has not progressed extensively (Cosens and
Perry, 1972). The receptor potential of the trp mutant, which appears normal
in response to a short stimulus (Minke, 1977), quickly decays close to baseline
during prolonged illumination (Cosens and Manning, 1969; Minke et al.,
1975). The receptor potential of invertebrate photoreceptors in response to
strong light stimulus also shows a decay of the response from the initial
transient to a lower steady-state level. This decay of the response can be
explained, at least partially, by light adaptation (Wong, 1978). Therefore an
unusually strong light adaptation could account for the mutant phenotype.
Light adaptation in invertebrate photoreceptors has known effects on
several parameters of the receptor potential: it decreases the sensitivity and
amplitude of the response (Fuortes and Hodgkin, 1964), reduces the noise
superimposed on the response (Dodge et al ., 1968; Wu and Pak, 1978 ; Wong,
1978), and decreases the response latency and rise time (Fuortes and Hodgkin,
1964; Millecchia and Mauro, 1969). An increase in intracellular free Ca
+2 is
known to mimic the above effects of light adaptation in invertebrates (Lisman
and Brown, 1972a and b, 1975 ; Brown and Lisman, 1975 ; Muijser, 1979;
Tsukahara, 1980; Fein and Charlton, 1977) . Previous studies have already
suggested that there is neither a pronounced reduction in the size of the
quantum bumps (Minke et al., 1975), nor a pronounced shift of the Intensity-
response function to higher levels of light intensities in the trp mutant during
continuous dim illumination (Minke and Armon, 1980). Shot noise analysis
has suggested that the decay of the trp receptor potential during illumination
arises primarily from a reduction in the quantum efficiency for induction of
quantum bumps (Minke et al., 1975) that sum to produce the receptor
potential (Dodge et al ., 1968 ; Wu and Pak, 1978; Wong, 1978).
The main aim of this work is to examine in detail whether either a decrease
in the available photopigment molecules or light adaptation can account for
the decay of the trp response to baseline during illumination . Therefore, I
measured in the mutant and normal fly the intensity-response function during
background light, the effect of strong illumination and dim background light
on the latency and rise time of the response, and the effect of removing
extracellular Ca+2 ions on the decay of the trp response during illumination.
In addition, the visual pigment of the trp mutant was measured photometri-
cally and electrophysiologically under various conditions.
MATERIALS AND METHODS
Intracellular Recordings
Intracellular recordings were made in vivo in both the white-eyed trp mutant of
Drosophila and normal* white-eyed Drosophila at 1-4 d ofage (at 19°C) . The details of
* I call a fly normal when its photoreceptor characteristics are indistinguishable from those of
wild-type fly.BARUCH MINKS
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the intracellular recording technique are described elsewhere (Wu and Pak, 1975) . 2
M KCl-filled micropipettes of 100-160 MR resistance were used. The electrodes were
lowered into the fly retina via a cut in the eye that was covered by Drosophila Ringer's
solution (Ikeda and Kaplan, 1970) . The stimulating and recording systems have been
described elsewhere (Minke and Kirschfeld, 1979) . For adapting lights we used a
Xenon light source (XBO, 150 W Osram, Munchen, Federal Republic of Germany)
that had 521-nm green interference filters (Schott-Depal, Mainz, Federal Republic of
Germany), a KG 1 heat filter, and quartz neutral density filters (Melles Griot, Arnhem,
Netherlands, and Massy Cedex, France) in its light Fath. The unattenuated intensity
of the 521-nm green adapting light was 1 .24 X 101 photons cm
-2
" s-1. We also used
this light source with the 521-nm green filter replaced by a yellow OG 515 edge filter
(Schott-Depal) . The effective intensity of this yellow light for generation of the
receptor potential was equivalent to 6.2 X 1015 photons CM-2 . s-1 of 521 nm light
since it had to be attenuated by a factor of ^-5 in order to give a similar peak
amplitude of receptor potential as the unattenuated 521-nm green light.
For test flashes a photographic flash (Braun, type F900, Frankfurt, Federal Republic
of Germany) filtered by a yellow OG 515 Schott edge filter and attenuated by quartz
neutral density filters (mto, Massy Cedex, France) was used. The unattenuated energy
of the yellow flash when using the 583-nm interference filter (Schott-Depal) and KG 1
heat filter was 2.8 X 1013 photons -cm-'. The efficiency of the yellow flash without the
583-nm filter was equivalent to 4.4 X 1015 photons " cm-2 of 583-nm light since it had
to be attenuated by 2.2 log units in order to give a similar peak amplitude of receptor
potential as the unattenuated 583-nm monochromatic flash. Fast responses were
either directly photographed from the oscilloscope traces or recorded on a fast time
scale using the memory of an averaging computer (NIC-527 ; Nicolet Instrument
Corp., Madison, Wis.) and later transferred to an X-Y plotter (Hewlett-Packard, Inc.,
Frankfurt, Federal Republic of Germany) . The responses were also recorded on a pen
recorder at a slower time scale (Gould Inc., Cleveland, Ohio).
Early Receptor Potential (ERP) Measurements
The ERP of the fly can be recorded as a fast corneal-negative potential that appears
in the initial part of the electroretinogram (ERG) and arises from selective activation
of fly metarhodopsin (M) (Pak and Lidington, 1974; Stephenson and Pak, 1980;
Minke and Kirschfeld, 1980). This corneal-negative ERP, called the Ml phase, elicits
in the second-order neurons a much larger, corneal-positive potential, known as the
M2 (see Fig. 4, right side) . The M potential was used in this work to monitor the
relative concentration of the visual pigment . It was elicited by a strong orange flash
originating from a photographic strobe flash (Strobonar 65C, Honeywell, Inc., Denver,
Colo.) filtered by a broad-band orange filter (Corning CS 3-67; Corning Glass Works,
Corning, N. Y.) and a KG1 heat filter. Three orange flashes were required to put the
pigment system in photoequilibrium. The Mpotential is observed only after pigment
is shifted to the Mstate by blue light (Pak and Lidington, 1974) . For blue and orange
adaptation, I used a 12-V quartz iodide lamp in conjunction with 480- and 600-nm
Baird Atomic interference filters (Baird Atomic Inc., Bedford, Mass.) and Balzer
neutral density filters (Balzers Aktiengesellschaft Furstentum, Lichtenstein) . A maxi-
mal intensity blue or orange adapting light of ^-5 s duration was required to put the
pigment system in photoequilibrium .
Microspectrophotometric Measurements
The microspectrophotometric measurements were made on a modified Cary model
14 spectrophotometer (Ostroy et al., 1974 ; Ostroy, 1978). For these measurements
single flies were placed on ice, their heads were removed, and the sample beam of the364
spectrophotometer was focused on one of the eyes (using 580-nm light) . An initial
spectrum was then taken. The eye was then illuminated for 5 min with saturating
light from an 80-W fiber optic illuminator (type I1-80 ; American Optical) containing
two heat filters and a broad-band 455-nm interference filter in its light path (Balzer
K2). Another spectrum was then taken. After completion of the spectrum, a 5-min
illumination with orange light was carried out usinga broad-band 600-nm interference
filter (Balzer K5) . A third spectrum was then taken. This was followed by a second
blue illumination, a fourth spectrum, another orange illumination, and a fifth and
final spectrum. Difference spectra were obtained by taking the difference between
each of the succeeding spectra, resulting in four difference spectra corresponding to
the rhodopsin480 to metarhodopsin5m transition or its reversal (see Fig. 5).
Fast Perfusion Experiments
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The perfusion experiments were performed according to the method developed by
Wilcox (1980). Flies were initially prepared in the same way described above for
intracellular recordings. A second cut, in the neck, separated the sectioned head from
the body. The head was then placed in a perfusion chamber constructed from a strip
of magnetic rubber in which was cut a double-tapered slot as wide in the middle as
the fly's head. This magnetic strip was attached to a coverslip using high vacuum
silicon grease, forming a perfusion chamber with a total volume of30,u1. The perfusate
was saturated with oxygen by bubbling 02 through the saline reservoirs at 1 liter per
minute for 10 min before an experiment. Saline flowed into one side of the chamber
via a 23-gauge hypodermic needle and was vacuumed off from the other side by a 21-
gauge needle. The rate of saline flow was 3 ml/min (^-100 chamber volume changes
per minute) . The composition of the control saline was based mainly on the concen-
tration of Drosophila haemolymph determined by Larrivee et al. (1978) . The solutions
were osmotically balanced with sucrose to 435 mosmol (Larrivee et al., 1978). The
composition of the solutions used in my experiments is presented in Table I in
millimolar concentrations.
TABLE I
Solutions KCI NaCl CaC12 Sucrose NTA MgC12
Control 10 120 2 148 - 2
Low Ca
12
￿
10
￿
120
￿
0.2
￿
148
￿
5
￿
2
All solutions contained 5 mM glucose, 20 mM trehalose, and 5 mM HEPES buffer
and were adjusted to pH 7.0 with NaOH. The low Ca
12 solution was used only in the
experiments presented in Fig. 12. Extracellular recordings were performed by mea-
suring the potential difference between a broken pipette filled with control saline and
placed in the retina and an agar-2 M KCI salt bridge placed in the chamber. The
light stimuli used in the perfusion experiments were generated by a Osram XBO
150W Xenon lamp with Bausch and Lomb power supply and reached the preparation
through a Bausch and Lomb High Intensity Monochromator (Bausch and Lomb,
Inc., Rochester, N. Y). The intensity of the unattenuated light beam at the level of
the preparation was 1 .5 X 1015 photons " cm-2 " s-' at 520 rim .
Effect ofPerfusion on the ERG Waveform
The waveform ofthe ERG recorded in the fly eye differs from that of the intracellularly
recorded receptor potential mainly in two aspects : (a) the existence of "on" and "off"BARUCH MINKE
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transients in the ERG arisingfrom thesecond-order neurons (Goldsmith and Bernard,
1974; see also Fig. 4) ; (6) the appearance of slow components in the ERG that distort
the receptor component. A recent study conducted in the drone retina (Coles and
Tsacopoulos, 1979) indicated that during light response there is an increase in K+
concentration in theextracellularspace, which depolarizes thepigment cells surround-
ing the photoreceptors. This relatively slow depolarization slowly disappears after the
K ions are absorbed by the pigment cells. It seems that a similar mechanism exists in
Drosophila.
A detailed study concerning the origin of the various components of the ERG is
outside the scope of this study. A few points that are somewhat relevant to this study
are discussed below.
Fig. 1 shows the ERG waveforms of a normal fly to a green light pulse at the
beginning of perfusion (upper trace) and after 15 min of perfusion (lower trace) . A
0.5 mV
HAPft
FIGURE 1 .
￿
The effect of perfusion on the ERG waveform . The figure shows
ERG waveforms of a normal fly to 550 nm green light attenuated by 1.0 log
unit, at the beginning of the perfusion (upper trace) and after 15 min of
perfusion (lower trace) . The typical ERG response with small "on" and "off"
transients and slow rise and decay times changes to a response without the
"transients" and the slow component after 15 min of perfusion. This response
has the shape of the intracellularly recorded receptor potential ,
typical ERG waveform with small "on" and "off" transients and slow rise and decay
times (upper trace) changes to a response without the "transients" and the slow
component after 15 min of perfusion. The latter response is a "mirror" image of the
intracellularly recorded receptor potential. It was furthermore found by intracellular
recordings from unidentified cells, presumably pigment cells, that a slow photores-
ponse, observed at the beginning of the perfusion, disappeared later on during
perfusion. The disappearance of the "transients" may arise from a reduction in the
electrical resistance of the basement membrane (see Shaw, 1975). The disappearance
of the slow component can be explained by assuming that the superfusion buffers the
extracellularspace of the retina, thus preventing the accumulation of K+ during light
response. It therefore eliminates the depolarization of thepigment cells that otherwise
would distort the receptor component in the ERG.366
The change in the ERG waveform of Fig. 1 was used as a convenient measure of
the efficiency ofperfusion. In the case of Drosophila heads that were sectioned only
slightly, or in thecase ofrelatively large Musca heads, it sometimes took more than 30
min for the ERG to change from the upper shape ofFig. 1 to the lower shape.
The ERG could be recorded in the perfusion systems for a least several hours with
only a small reduction in the response amplitude. Therefore, in the control solutions
the viability of the preparation was not a limiting factor.
RESULTS
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Decay ofthe trp Response during Various Light Intensities
The decay rate of the trp response during illumination is an important
parameter that characterizes the receptor potential ofthe trp. The decay rate
and the final steady-state level attained varied among different flies. The
mutants could be classified roughly into two groups: (a) those with relatively
slow decay to a non-zero steady state (Minke et al., 1975; Fig. 8A) and (b)
those with fast decay to a zero steady state (Fig. 2). Fig. 2 illustrates typical
responses of the trp mutant to increasing intensities of light stimuli. At the
dimmest light stimulus (bottom trace) the response did not decay to baseline
even after prolonged illumination (of more than 1 min) . However, at higher
intensities the response decayed to baseline during prolonged illumination. At
the highest intensity (top trace), a small steady-state response reappeared but
with a reduced noise level as compared with the bottom traces. This small
steady state could arise from some damage to the cell. The figure shows that
the rate ofdecay ofthe trp response during illumination is strongly dependent
on stimulus intensity and it approaches a maximum limiting value at higher
levels of light intensities.
The decay of the receptor potential of the trp mutant may arise from an
increase in conductance to ions like Cl- and K+, which have a negative
equilibrium potential. Fig. 3 presents bridge measurements made in a photo-
receptor ofthe trp mutant. After illumination the bridge shows a conductance
increase which then decreases roughly in parallel with the decrease in voltage.
The figure thus suggests that the decay ofthe trp response during illumination
does not arise from conductance increase to such ions as Cl- or K+ but rather
from a conductance decrease to Na+ ions.
Decay of the trp Response during Various Amounts of Rhodopsin Activation
Cosens and Manning (1969) and Cosens (1971) suggested that the decay of
the trp response during illumination arises from a reduction in the amount of
available pigment molecules during illumination, whereas Minke et al. (1975)
suggested reduction in quantum efficiency without specifying a mechanism.
To test Cosens' hypothesis, I measured in the orange-adapted (for 30 s) trp fly
the ERG response to increasing intensities of blue light (Fig. 4, left). The
orange adaptation before each trace put all the pigment in the rhodopsin (R)
state and the following blue pulses shifted increasing amounts of pigment
molecules to the metarhodopsin (M) state. Relative amounts of pigmentBARUCH MINKS
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FIGURE 2 . The dependence of the decay time of the trp response on the
intensity of the light stimulus . At very dim light the response does not decay to
the baseline (bottom trace) . At slightly higher light intensities the decay time
becomes shorter with increasing light intensity, and at higher light intensities
(upper two traces) the decay time approaches a minimum limiting value . All
responses were recorded intracellularly from the same cell, which was stimulated
by 524-nm monochromatic green light (Schott-Depal filter) arising from the
XBO light source .368 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 - 1982
shifted to the metarhodopsin state by 60-s blue pulses of varying intensity
were monitored by the amplitude of the M potential (see Materials and
Methods) in response to a strong orange test flash (Fig. 4, right) .
The figure shows that at relative intensity of -2.5 the trp response decayed
to a steady-state baseline within -10 s. The Mpotential arising from 60 s blue
adaptation of the same intensity (Fig. 4, upper right trace) had a very small
amplitude relative to the maximal amplitudeobtainedwhen ^-80% ofpigment
conversion occurred when a saturating amount of blue light was given
(Hamdorf, 1979) (bottom right trace) . Since the receptor component of the
ERG is distorted by a nonreceptor slow response (see Fig. 1), the receptor
component in the ERG of Fig. 4 most likely reaches baseline three to five
times faster than actually observed in the figure. The figure therefore shows
that the trp response decays close to baseline even when negligible amounts of
pigment are activated.
25
FIGURE 3.
￿
The decay of the trp response is accompanied by a conductance
decrease. The figure shows intracellular bridge measurements made in the trp
mutant before and during 524-nm green light attenuated by 2.0 log units. The
bridge, which was balanced in the dark, shows during light an initial conduct-
ance increasethat then decreasesroughly inparallel withthe decrease involtage.
Dependence ofPigment Concentration on the Age ofthe trp Flies
An ultrastructural study of the trp retina has shown some degeneration with
age (Cosens and Perry, 1972). This degeneration may suggest that the visual
pigment in the irp mutant is defective. Therefore I measured photometrically
and by the ERP the relative concentration of visual pigment at different ages
of the trp mutant as a possible monitor for the degeneration. These measure-
ments could also be used to determine whether the pigment system of the
mutant is normal.
Fig. 5 shows an exampleofdifference spectra measured from thewhole eye
of white-eyed trp flies of ages of4, 8, and 16 d (see Materials and Methods)
raised at 24°C. The difference spectrum of the 4-d-old fly is normal (see
Ostroy et al., 1974; Ostroy, 1978). The 455-nm adapting blue light causes an
absorbance decrease in the blue due to a decrease in R concentration and an
increase in absorbance in the orange due to an increase in Mconcentration.
A symmetrical difference spectrum was obtained after 600-nm adaptation.BARUCH MINKS
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The standard errors in the figure were calculated from four consecutive
measurements made on the same fly.
At age of 8 d there was a reduction in the amount of absorbance change
(middle curve). At 16 d of age the absorbance change of the particular fly
Relative Intensity
￿
Relative Intensity
of blue stimulus
￿
of 60S adopting
blue light
( l I)
-4.5
-4.0
-3,5
-2.0
34S
(log 1) 1 2mS
0 2mV
-2.5 ~
-1.5 004N
M~
FIGURE 4.
￿
The decay of the trp response during various amounts of rhodopsin
activation. The left column illustrates ERG responses of the orange-adapted
(600 nm for 30 s) trp mutant to increasing intensities of 480-nm blue lights (as
indicated) . A 3-min dark adaptation period preceded each stimulus. The right
column shows M potentials recorded in the same fly in response to a strong
orange (see Materials and Methods) flash, which was applied 30 s after the
cessation of60 s of480-nm blue light of the various intensities indicated. The M
potential hasa corneal-negative phase without a detectable latency (MI), which
is followed by a corneal-positive phase (MZ). At the dimmer adapting lights
(-2.5, -2.0) the "on" transient of the ERG is also observed as a second fast
corneal-positive potential.
presented in the figure was below the resolution of this method. Although I
found a normal concentration of photopigment in all flies tested at the age of
1-4 d, the decrease in pigment concentration with age was variable among
individual trp flies. In some flies the concentration of the pigment, as assayed
photometrically or by the M potential, showed normal concentration at 8 d370 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 " 1982
and sometimes close to normal even at 16 d . By the age of 32 d, however, M-
potential measurements showed without exception (22 flies) either a reduced
concentration or no detectable pigment concentration at all .
Fig . 6 summarizes the age-dependent reduction in pigment concentration
of the trp mutant as measured photometrically at 580 nm (squares) or
electrophysiologically with the ERP (MI phase ; circles) in a paradigm similar
to that of Fig . 4 (bottom right trace) . The large standard errors at ages 8 and
FIGURE 5.
￿
Difference spectrum measurements of whole eyes of trp mutants at
various ages . The graphs show absorbance changes after 5 min of illumination
with saturating blue (455 nm) and orange (600 nm) lights . The two difference
spectra obtained after orange (600 nm) adaptation, which were mirror images
of the two curves obtained after blue adaptation, were averaged (with inverse
sign) with the blue-adapted curves. The standard errors are therefore results of
four measurements performed on the same fly. In several points, only one
portion of the error bar is presented . All flies were grown at 19°C and then kept
at 24 °C after eclosion . The magnitude of the absorbance change obtained at 8
and 16 d old was greatly variable among individual flies (see Fig . 6) .
16 d are due to the fact that some flies had normal or close to normal
concentrations of pigment .
Effect of Light Adaptation
It is possible that the decay of the trp response during illumination arises from
unusually strong light adaptation . Therefore the effect of continuous dim
background light and strong adapting light on the trp response was compared
with that of normal fly .BARUCH MINKE
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Effects on the Latency
Fig. 7 demonstrates similarities between the receptor potential of the dark-
adapted trp mutant (A) and that of the dark-adapted normal fly (F) and
differences between theirreceptor potentials when background light is applied
0.0
F
C
Y
FIGURE 6.
￿
Reduction in therelative concentration of the visual pigment in the
trp mutant with age as measured photometrically and electrophysiologically .
The left ordinate (1k plots the absorbance change at 580 nm derived from
spectra similar to those of Fig. 5 measured in six, four, three, and five different
trp flies at the ages of 2, 4, 8, and 16 d, respectively. The right ordinate (") plots
the relative peak height (1 .0 corresponds to 1.17 mV) of the Ml phase (see Fig.
4) of the M potential, which arises in response to a strong orange (CS3-67) flash
after 30 s of maximum intensity blue (480 nm) light. The Mpotential data was
obtained from 4, 8, 12, 19, and 22 trp flies at the ages (at 24°C) of 2, 4, 8, 16,
and 32 d, respectively. At the ages of 8 and 16 d, several flies had normal (or
close to normal) absorbance change or M potential amplitude, whereas others
had substantially reduced values of the above parameters.
(B and G, respectively) . The figure shows that the dark-adapted responses of
the mutant (A) and the normal fly (F) to short test flashes are qualitatively
similar. In both cases the latency and rise time of the response decrease whenE
trp Mutant
￿
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Dark Adapted
-4 .0
-------------------------
Variable Test Flash
￿
(logl)
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￿
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(logt)
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1.25mVI/ -2.3
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-3.0
D
￿
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10mv 1
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FIGURE 7 .
￿
A comparison between the intracellularly recorded receptor poten-
tials of trp mutant and normal Drosophila photoreceptors to stimuli of different
intensities . With increasing light intensity, the latency and the rise time in the
dark-adapted photoreceptors of the trp mutant (A) and normal Drosophila (F)
decrease . Dim green (521 nm) background lights of variable intensities lead to
a reduction in the receptor potential amplitude . This reduction in amplitude is
accompanied by an increase in latency in the mutant fly (B), but by a decrease
in latency in the normal fly (G) . The constant test flashes (OG 515 edge filter)
used were obtained by attenuating the light source having an intensity of 4.4
X 10'5 photons-cm-2 per flash (at 580 nm) by 1 .0 and 3.0 log units for the
mutant and normal fly, respectively . Tracings of the dark-adapted responses of
the same cells are also shown in B andG for comparison . The bottom response
in B was averaged (eight times) . The response of the same cells to the onset of
thebackground lights used in light adaptation protocol ofB andG also illustrate
the difference between the mutant and the normal fly (C-E, H-I) .BARUCH MINKE
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the intensity ofthe test flash increases. However, in the mutant the sensitivity
to light is lower, and the latency and rise time are longer. Astriking difference
between the mutant and the normal photoreceptor was revealed when con-
stant flashes of relative intensity of -1.0 and -3.0 for the mutant (B) and
normal fly (G), respectively, were superimposed on dim green background
adapting lights. The figure shows that in the normal fly the latency and rise
time ofthe light-adapted responses are slightly shorter than the dark-adapted
response (the response to relative intensity -3.0 in F is redrawn as -00 in G).
In contrast, in the mutant (Fig. 7 B) the effect of similar background illumi-
nation was a pronounced slowing in the rate of rise and an increase in the
latency of the responses (the response to -1.0 in A is redrawn as -00 in B). In
addition, in contrast to the normal fly, a relatively small increase in back-
ground light (by 0.4 log unit) caused a dramatic decrease in the amplitude of
the response in spite of the fact that the test flash was more intense for trp.
Similar results were obtained from all 18 cells recorded from 9 different trp
flies and 7 different normal flies.
Fig. 7C-E, H, and I show in slower timescale initial portions ofthereceptor
potentials ofthe mutant (C-E) and normal photoreceptors (H and I) evoked
in response to the different levels of background illumination used to obtain
traces B and G.
The increase in latency and rise time of the trp response obtained during
dim background light could also be obtained in the trp eye, which was
stimulated in the dark shortly after prolonged intense illumination (Fig. 8).
The extracellular measurements illustrated in Fig. 8 were obtained by repeat-
edly presenting to the eye pairs of strong green (550 nm) pulses : a 10-s
adapting pulse and a shortertest pulse ofthe same intensity. The dark interval
between the two pulses was varied between 0 and 3 min. After the second test
pulse the eye was dark adapted for 3 min before another pair of pulses was
given. The measurements were performed in a perfused preparation to pre-
serve the undistorted waveshape of the trp receptor potential. Sample record-
ings are presented in Fig. 8 which show that the trp response recovers to ~90%
ofthe initial amplitude within ^-1 min. Responses similar to those ofFig. 8A
were also recorded (from other flies) on a fast sweep speed in Fig. 8B where
they were compared with responses of normal fly obtained in a similar
paradigm ofstimulation. The fast measurements showed an increased latency
and rise time of the trp responses to the second pulse (upper two traces in Fig.
8B, left) whenever the responses had not fully recovered. In contrast, in the
normal fly (Fig. 8 B, right) the latency and rise time became shorterin response
to a test light presented shortly after a prolonged adapting light of the same
light intensity.
Similarities between the Responses of trp and Normal Drosophila
Figs. 9 and 10 present results that raise the possibility that the differences
between the trp mutant and the normal fly are basically quantitative and not
qualitative. These figures show that some important features of the mutant
response can also be observed in the normal fly under bright illumination.
Fig. 9 (A and B) demonstrates that with a strong background light that374
saturates the steady-state phase of the receptor potential, a pronounced
response still can be observed when a bright test light is superimposed on the
strong background light. However, the response to the test light decays to the
steady-state baseline during illumination. Many seconds were required for the
steady-state response to recover after the test light was turned off. The figure
furthermore shows that when the intensity of the background light is slightly
increased (Fig. 9 B), the decay to baseline becomes faster. Qualitatively similar
results are obtained in the trp mutant when no, or dim, background light is
used (Fig. 9, bottom).
A
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FIGURE 8 A.
￿
The dark recovery of the trp response after illumination. A sample
of extracellularly recorded responses from a superfused fly to pairs of monochro-
matic 550-nm light stimuli of the same relative light intensity (-1 .0 log) with
variable dark intervals. The dark intervals between the pairs were 3 min.
Fig. 10 demonstrates that with the bright background light that would
saturate the steady-state response of a normal fly, a superimposed test flash
elicits a response with an increased latency and rise time (Fig. 10, bottom
traces) as compared with the dark-adapted responses (largest responses). When
the background light intensity is below saturation (middle traces), the latency
is shorter than that of the dark-adapted responses.
Since damaged cells tend to show increased latency and rise time, only
stable recordings that gave reproduceable responses (like those of Fig. 10) were
used in this study.BARUCH MINKS
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Effect on the Intensity-Response Function
A shift in the intensity-response function is a very sensitive indication of light
adaptation in photoreceptors. Fig. 11 illustrates the effect ofdim background
light on the intensity-response function (V-log Icurves, Vbeing the amplitude
of the voltage response and I light intensity) of the trp mutant as compared
with normal Drosophila. The relative peak response amplitude (intracellular
recordings) is plotted against relative light intensity for dark-adapted (upper
curve) and light-adapted (lower curves) photoreceptors. Whereas the dark-
adapted responses of both normal (circles) and mutant (squares) flies show
very similar V-log-Icurves, the effect of background light is very different in
B
Dark Time(s)
trp Mutant
￿
Normal
1 7
FIGURE 8B.
￿
Extracellular recordings (in fast sweep speed) ofinitial responses
of a superfused trp (left) and normal fly (right). The paradigm of stimulation
was the same as in Fig. 8A. The bottom traces are'the dark-adapted responses
(the responses to the long stimulus in the pair) and the upper traces were
recorded in response to the second stimuli presented shortly after the first one as
indicated. At a short dark interval there is an increase in latency and rise time
ofthe mutant response but there is a decrease in these parameters in theresponse
ofnormal fly.
in the normal and the mutant flies. The smooth curves in Fig. 11 are
hyperbolic functions that best fit the experimental points.
In
V/ Vmaz -
7N-+--O-
where Vis the peak response amplitude at a given stimulus intensity I, V.x is
the maximum response amplitude, and v is the value of the intensity that
evokes a half-maximum response amplitude (Naka and Rushton, 1966). The
exponent n usually has a value of0.5-0.6for intracellularly recorded responses.
Fig. 11 demonstrates that the effect of background light on the mutant is
mainly to reduce V... with only a relatively small shift in t1, whereas in the376
normal fly v is significantly shifted to higher levels of light intensities. In the
lower curves of Fig. 11 only incremental responses are plotted. However, if the
steady-state response of the normal fly is added to the incremental responses
of normal fly, then no reduction in Vmeg is observed. In the mutant, on the
A
c
E
Background Light
￿
Test light
1.5
_________________ ._____________
_m
-m
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FIGURE 9.
￿
The decay of the response to the base-line during dim illumination
in the irp mutant (test lights, 524 nm; adapting light, 521 nm, right column)
can also be observed in the incremental responses of the normal fly when the
background and test light intensities are increased (left column). The figure also
shows that the amplitude and decay time of the decaying response during a
constant light pulse (oftwo different intensities in the mutant, traces C and E)
are reduced in the normal fly when the intensity of the background is increased
(B), or in the mutant when dim background light is applied (D and F).BARUCH MINKS
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other hand, the voltage of the steady-state response was negligible; therefore,
the reduction in V.. is very pronounced even if the steady-state responses are
added.
Effect ject ofRemoving Extracellular Ca
12
Several studies on invertebrates photoreceptors have indicated that lowering
intracellular free Ca" concentration by injection of EGTA buffer into the cell
prevents the typical effect oflight adaptation on the receptor response (Lisman
and Brown, 1975; Muijser, 1979; Tsukahara, 1980). In the case of the Limulus
Relative Intensity of Background Light
(log
￿
I )
10 ms
FIGURE 10.
￿
Effects similar to those of dim background lights on the shape of
the response of the mutant, namely, an increase in latency and rise time, can
also be obtained in normal flies when bright saturating background lights are
used. The figure shows that the above effect can be observed only at background
light intensities that saturate the steady-state phase (smallest responses: -0.6)
but not at a lower intensity levels (middle responses: -2.6, -1 .6) . The largest
two responses, measured intracellularly at the beginning (left) and end of the
experiment (right), are responses to the same constant test flash when no
background light was present. The similarity between the dark adapted re-
sponses indicates that the effect of the background light is reversible and
reproduceable. The constant test flash was the maximum-intensity yellow flash
(515 edge filter) used in Fig. 7. All the responses are from the same cell. The
middle and bottom responses are superimposed on the same base-line of the
dark adapted responses for comparison.
ventral eye, however, light adaptation during prolonged intense illumination
could not be eliminated by removing extracellular Ca+2 (Lisman, 1976) since
part of the intracellular increase in Ca+2 level during illumination apparently
arose from intracellular stores (Brown and Blinks, 1974; Lisman, 1976). Fig.
12 bottom traces) shows that in normal Drosophila, reducin~ extracellular
Ca' by nitrilotriacetic acid-Ca+2 (NTA-Ca+2) buffer to -10- M for 10 min
does change the waveform of the receptor potential in a manner similar to that
obtained by intracellular injection of EGTA into the photoreceptors of
Calliphora (Muijser, 1979). Namely, the low extracellular Ca+2 concentration378 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 " 1982
prevents the typical decay of the transient to the lower steady-state level, and
a square-shaped response appears in response to a strong stimulus. The normal
shae of response (with reduced amplitude) recovers in - 12 min after the low
Ca 2 solution is changed to normal saline. Similar results were obtained in six
other normal flies perfused with NTA-Ca
+2 buffer and two others perfused
Relative intensity of
Background light
O Normal
￿
(1091)
-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0
Log Relative Intensity
-2.6
-3.6
FIGURE 11 .
￿
Intensity-response functions measured intracellularly from a single
normal (O) and a single trp photoreceptor ("). All the points were measured at
the peak of the receptor potential in response to increasingintensities of 524-nm
green light pulses. The upper curve was measured in dark-adapted cells and the
other two curves were measured from the incremented responses during 521-nm
background lights of various intensities as indicated. The smooth curves were
.
￿
` calculated using the hyperbolic function ( V/ Vmax =I with n = 0.6 and
"a" 1 +
a = -3.7 for the upper curve, n = 0.6 and a = -3.0 for the lower trp curve, and
n = 0.75 and a = -2.2 for the light-adapted normal fly.BARUCH MINKE
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with 5 mM EGTA-0.2 Ca12 buffer for 7 min. In the experiments with EGTA
the reversibility of the response was poor. Therefore I adopted the NTA buffer
for my experiments. Fig. 12 (up?er three traces of the middle column) shows
that removing extracellular Ca' from the perfusate of the trp eye for 10 min
(middle column) does not prevent the decay of the response during illumina-
tion. The effects of the low Ca
12 medium on the trp response were: (a) to slow
Relative Intensity
)IogI)
￿
tip Mutont
2mMCa"2 ￿0 Ca"2 (5mM NTA)
￿
2'~
mMCa"2
-3.1 ---V_T----1-11*111-_f_
-2.17~~~
-1.0-vim ............................
.,.............................................................-.,....`
0.5mv
P
f ...,.........................................................................
Wild Type
W
FIGURE 12.
￿
The effect of removing extracellular Ca" on the shape of the
extracellularly recorded receptor potentials of normal and trp flies. The middle
column shows the effect of reducing extracellular Ca+2 concentration to ^-10-7
M by using 0.2 mM Ca
12 and 5 mM nitrilotriacetic acid (NTA) in the perfusate
for 10 min instead of 2 mM Ca12 present in the control perfusate. In the normal
fly (bottom row) the transient phase of the response was abolished and square-
shaped response appeared, similar to the response shape obtained in Calliphora
after EGTA injection into the photoreceptors. The effect of low Ca+2 on the
response shape was reversible but some reduction in amplitude was observed.
The upper three rows show similar experiments performed on the trp mutant.
The effect of extracellular low Ca+2 was to increase the peak amplitude and
steady-state responses. Also the initial fast transient ("nose"), observed in
response to strong light only, disappeared. Nevertheless, the response still
decayed to a relatively low steady-state level.
down the initial fast decay ("nose") observed in normal saline (left and right
column), (b) to increase the amplitude of the response (mainly at low light
intensities), and (c) to enhance the low steady-state response. About 10 min
after the solution was changed back to control the original waveform of the
trp responses returned but with a reduced amplitude (Fig. 12, right column) .
Experiments similar to those of Fig. 12 were performed on 11 other trp flies
and similar results were obtained.380
DISCUSSION
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The complexity of the phototransduction process on one hand and the
discovery of specific light-induced activation of several enzymes on the other
(see reviews by Bownds, 1980 ; Pober and Bitensky, 1979) calls now more than
ever before for the use of phototransduction-defective mutants . The trp
mutation may provide such a useful mutant . What can be the nature of the
defect of the trp mutant?
A Structural Defect?
The ultrastructure study (Cosens and Perry, 1972) showed normal structure
of the trp photoreceptors until a few days after eclosion, whereas the receptor
potential is always abnormal from eclosion (B . Minke, unpublished observa-
tions) . Therefore the partial degeneration that appears after 5 d of age is most
likely a secondary effect of the mutation . The degeneration of trp with age as
observed either in the ultrastructural study or by my pigment concentration
measurements (Figs. 5 and 6) consistently shows a different pattern of degen-
eration than that observed in another hereditary degenerative mutant of
Drosophila, rdgB. In the rdgB mutant (Harris and Stark, 1977) the degeneration
of R1-6 photoreceptors in light dark cycle is completed in less than 5 d. The
trp mutant in this respect is more similar to several of the norpA carrying more
severe alleles of the norpA gene . These show only partial degeneration with age
(Ostroy, 1978) .
A Defect in the Visual Pigment?
At an age of less than 5 d after eclosion I found no indication of any
abnormality in the trp photopigment . The difference spectrum of the pigment
is normal (Ostroy et al ., 1974), the waveform of the Mi potential, which is the
ERP of the fly (Stephenson and Pak, 1980 ; Minke and Kirschfeld, 1980), is
normal, and the photoconvertibility of the pigment between the R and M
states is also normal . Even at a later age the only difference between the
mutant and normal fly is a reduction in the total pigment content.
The fact that the trp phenotype is fully expressed even when only a very
small amount of pigment (relative to the total pigment content) is activated
(Fig. 4) indicates that the decay of the response does not arise from a reduction
in the amount of available photopigment molecules during illumination .
The dark recovery time of the trp response after illumination (in the range
of 2 min) is much too slow to fit with any photometrically observed pigment
transitions of the fly (faster than 100,us ; Kirschfeld et al ., 1978) . By assuming
that theERP reflects linearly pigment transitions (Stephensonand Pak, 1980),
the shape of the ERP (Mi potential) of the trp mutant suggests that the
pigment transitions in the mutant are very similar to those of the normal fly
(Minke and Kirschfeld, 1980 ; Stephenson and Pak, 1980) .
Therefore it seems quite safe to conclude that a defect in the visual pigment
is not a major cause for the trp phenotype .BARUCH MINKE
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A Defect in Light Adaptation?
Can one attribute the decay of the trp response during illumination to an
unusually strong effect of light adaptation? A failure of the intracellular
mechanisms to reduce the increased level ofintracellular free Ca
2+ back to the
dark level fast enough during and after illumination could account for the tip
phenotype. Several lines ofevidence, however, indicate that the above mech-
anism is very unlikely: (a) there is little or no reduction in the calculated size
ofthe quantum bumps in the steady-state response of the trp mutant to strong
light as compared with weak light* (Minke et al., 1975), unlike in normal fly
(see below) . The results presented in Figs. 7, 8, and 11 are consistent with the
shot noise analysis done on trp. (b) The intensity-response functions (Fig. 11)
show that the effect ofbackground light on the V-log Icurve ofthe trp mutant
(solid squares) is very different from the effect on that of normal fly (open
circles) (for more details see Minke and Armon, 1980). In the normal fly the
main expression oflight adaptation, caused by a dim background, is a shift in
the V-log I curve to higher levels oflight intensities (shift in a, Eq. 1). In the
trp mutant there is very little shift in a but instead a large reduction in V..
(c) Shortening of the response latency and rise time is another expression of
light adaptation that is caused by dim background light and strong adapting
light in normal Drosophila (Figs. 7 and 8) as in other invertebrates (Fuortes
and Hodgkin, 1964; Millecchia and Mauro, 1969). In contrast, in the trp
mutant latency and rise time are increased either during dim background light
(Fig. 7) or during the recovery of the response in the dark after strong, long
adapting light (Fig. 8 B). These phenomena observed in the trp fly during
background light and after a strong, long light are most likely associated with
a reduction in the effective intensity of the light stimulus because they can
qualitatively be mimicked by reducing the stimulus intensity. All the above
phenomena do not seem to arise from light adaptation. Following the term
proposed by Rodieck (1973), I call this effect a reduction in excitation
efficiency.
The final evidence that the trp phenotype is not due to an unusually strong
light, adaptation comes from the effect ofreducing extracellular Ca'2 concen-
tration. The appearance ofa square-shaped response to strong stimulus in the
normal fly when extracellular Ca+2 concentration is lowered suggests that the
NTA-Ca+2 buffer prevents a large increase in intracellular free Ca` concen-
tration during illumination, because very similar square responses were ob-
tained by intracellular injection of EGTA (Muijser, 1979) into the photore-
ceptor ofthe blowfly. Thefact that avery low extracellular Ca+2concentration
does not prevent the pronounced decay ofthe trp response during stimulation
strongly suggests that "light adaptation" induced by an increase in intracel-
lular Ca+2 does not cause the decay of the trp response during illumination.
However, there are two effects of the low Ca
12 level on the tip response: (a)
* Thenoise levelduring thesteady-state phasecan only be observed in those trp flies where the
response does not decay to zero baseline.382 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 " 1982
the low steady-state level in response to strong stimulus became more pro-
nounced, and (b) a slowing down ofthe initial fast decay of the response was
observed. These phenomena suggest that some suppression of the trp response
during continuous strong illumination does arise from a small increase in
intracellular free Ca
+2. This conclusion fits nicely with recent observations on
pigment migration in the trp mutant (Zuidervaart et al., 1979; Lo and Pak,
1981). These studies showed that pigment migration in the trp mutant during
light does not proceed fully to the light-adapted position but instead returns
to the dark-adapted position during a stimulus. In wild type Drosophila the
pigment granules stay in the light-adapted position as long as the light is on.
The correlation between pigment migration and increase in intracellular free
Ca
2+ was demonstrated recently by Kirschfeld and Vogt (1980) in Musca.
They could prevent pigment migration during strong light by reducing
extracellular Ca+2 concentration with 50 mM EGTA.
Similarities between the Responses ofthe trp and Normal Drosophila
Figs. 9 and 10 show that several phenomena observed in the trp fly when either
no background or a dim background light is applied can also be observed in
normal Drosophila when strong background light is used. Namely, (a) there is
an increase in latency and in rise time in response to a strong test flash
superimposed on a strong background light, as previously reported in other
species (turtle, Baylor and Hodgkin, 1974; Limulus ventral eye, Stieve et al.,
1978); (b) the response to a long, strong light pulse superimposed on a strong
background light decays back to baseline; and (c) when the intensity of a
strong background light is increased, the response to a constant light pulse
decays faster. These similarities might be explained by using the results of
shot noise analysis obtained in the Limulus ventral eye by Wong (1978) and in
normal Drosophila by Wu and Pak (1978) . The above studies indicate that the
calculated rate of occurrence of the quantum bumps increases linearly with
increasing light intensities in a range offour to five log units above threshold
while their calculated size decreases. Accordingly, in this light intensity range
the decay ofthe receptor potential from transient to steady-state level can be
accounted for by a reduction in the effective size of the quantum bumps.
However, at higher light intensities the derived size of the quantum bumps
tends to reach a minimum while the rate ofoccurrence tends to saturate due
to a reduction in quantum efficiency. It is unlikely that this reduction in
quantum efficiency arises from reduction in the available rhodopsin molecules.
Because the transient response and the increase in latency are also observed in
normal Drosophila at saturating levels ofillumination, it might be possible that
the reduction in excitation efficiency observed in the trp mutant during dim
background light occurs in normal Drosophda at high background light due to
a similar mechanism. If this is the case, then the trp mutation narrows the
range in which bump production can linearly follow the absorptionofphotons.
This defect may arise from a temporary shortage in some critical factor that
has to be replenished with time. In the trp mutant, for example, a defective
protein that normally has to interact with another protein at a certain speedBARUCH MINKS
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may be responsible for that temporary shortage. In normal Drosophila the
concentration of the hypothetical critical substance becomes a limiting factor
only at the very bright light intensities.
In summary, all the results are consistent with the hypothesis that in the trp
mutant the decay of the response during illumination arises neither from a
reduction in the available photopigment molecules nor from light adaptation,
but rather from light-induced reduction in excitation efficiency, which arises
from a defect in an intermediate stage of phototransduction. The effects of
various agents and of other phototransduction mutations (in combination
with the trp mutation) on the rate ofdecay ofthe trp response during light and
on the recovery ofthe response in the dark are presently under investigation.
The ability to modify the above parameters might prove to be very useful in
understanding the nature of the trp defect and therefore of some of the
intermediate steps in phototransduction.
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